The Rep78 protein of adeno-associated virus (AAV) contains amino acid sequence motifs common to rolling-circle replication (RCR) initiator proteins. In this report, we describe RCR initiator-like activities of Rep78. We demonstrate that a maltose-binding protein ( (Fig. 1 ) via a combination of alternative promoter usage and differential splicing (17, 18, 26) . The two largest Rep proteins, Rep78 and Rep68, recognize a cognate binding site within the AAV origin of replication, nick the origin in a site-and strand-specific fashion, and covalently attach to the 5Ј end of the cleaved DNA substrate via a phosphotyrosine linkage (13, 19, 30, 33) . In addition, the Rep proteins have been shown to possess ATPase and 3Ј-to-5Ј helicase activities in vitro (14, 28, 37, 38) . The ability to bind, cleave, and covalently attach to doublestranded ori sequences in a site-and strand-specific manner is a trait common to initiator proteins encoded by replicons employing rolling-circle DNA replication (RCR) (reviewed in references 5 and 22).
Adeno-associated virus type 2 (AAV-2), a member of the Parvoviridae family, is a nonenveloped, icosahedral virus with a linear, single-stranded DNA (ssDNA) genome of 4,680 nucleotides (nt) (reviewed in reference 3). The approximately 4.4-kb unique coding region of AAV-2 is flanked by inverted terminal repeat (ITR) sequences of 145 nt each. The ITRs serve as the viral origins of replication and are believed to form stem-loop structures that prime synthesis of the double-stranded, replicative form of the viral genome (11, 21, 35) . The AAV genome contains two genes termed rep and cap. The cap gene encodes the viral capsid proteins. The rep gene encodes four overlapping nonstructural proteins (known as Rep78, Rep68, Rep52, and Rep40) from a single open reading frame (Fig. 1 ) via a combination of alternative promoter usage and differential splicing (17, 18, 26) . The two largest Rep proteins, Rep78 and Rep68, recognize a cognate binding site within the AAV origin of replication, nick the origin in a site-and strand-specific fashion, and covalently attach to the 5Ј end of the cleaved DNA substrate via a phosphotyrosine linkage (13, 19, 30, 33) . In addition, the Rep proteins have been shown to possess ATPase and 3Ј-to-5Ј helicase activities in vitro (14, 28, 37, 38) . The ability to bind, cleave, and covalently attach to doublestranded ori sequences in a site-and strand-specific manner is a trait common to initiator proteins encoded by replicons employing rolling-circle DNA replication (RCR) (reviewed in references 5 and 22) .
RCR is an asymmetric replication mechanism in which leading-strand DNA synthesis is uncoupled from that of the lagging strand (5, 7, 22) . The RCR mechanism has been described for a number of prokaryotic and eukaryotic replicons (5, 15, 22, 31) , including ssDNA bacteriophage (e.g., X174), various plasmids of gram-positive bacteria (e.g., pT181), and, more recently, members of the Geminiviridae (small ssDNA viruses infecting mono-and/or dicotyledonous plants). Moreover, an RCR-like mechanism is believed to play a role in the conjugative transfer of numerous bacterial plasmids, as well as the interspecies transfer of the Ti (tumor-inducing) plasmid of Agrobacterium tumefaciens (24, 25) .
The Parvoviridae have been proposed to replicate via an RCR-like mechanism known as the rolling-hairpin model (32) . The rolling-hairpin model, which utilizes a linear template with self-priming terminal palindromes, shares with the rolling-circle model the properties of asymmetric, leading-strand DNA synthesis resulting in the displacement of ssDNA, as well as initiation and termination of replication at a repetitively encountered ori sequence. Initiator-like proteins encoded by the Parvoviridae family (known as NS1 or Rep proteins) possess at least two RCR-associated amino acid sequence motifs (known as motifs 2 and 3) (12). Motif 2 contains the sequence HuHuuu (where u is any hydrophobic amino acid) and is believed to bind a divalent cation required for DNA strand cleavage. Motif 3 contains the sequence uxxYux 1-2 K (where u is any hydrophobic amino acid and x is any amino acid) and contains the catalytic tyrosine residue involved in nucleophilic attack and covalent attachment to the phosphodiester backbone of the DNA substrate. A motif 1 equivalent has not been identified within the parvovirus Rep proteins.
In this paper, we describe RCR initiator protein-like activities of the Rep78 protein of AAV-2. We demonstrate that a maltose-binding protein (MBP)-Rep78 fusion protein can specifically cleave ssDNA substrates derived from the AAV origin of replication. Cleavage of ssDNA is dependent on a divalent cation cofactor (Mn 2ϩ supported single-stranded endonuclease activity much more efficiently than Mg 2ϩ ) but does not require nucleoside triphosphate (NTP) hydrolysis. In addition, it is demonstrated that Rep78 can catalyze the ligation of single-stranded oligonucleotides derived from the AAV origin of replication. Site-directed mutagenesis demonstrated that tyrosine residue 156 of Rep78 (occurring within RCR motif 3) is essential for the cleavage-ligation activity.
MATERIALS AND METHODS
Plasmids and recombinant proteins. Plasmids expressing an MBP-Rep78 fusion protein, pMBP-Rep78, and an MBP-Rep78(K340H) mutant, pMBPRep78(NTP), have been described previously (28, 29) . MBP-LacZ␣ is encoded by plasmid pMAL-c2 (New England Biolabs, Beverly, Mass.) MBP fusion proteins were expressed in Escherichia coli DH5␣ and purified by amylose affinity chromatography as described elsewhere (28, 29) except that the bacterial cultures were supplemented with 50 M ZnSO 4 prior to induction.
Site-directed mutagenesis. Bacterial expression vectors encoding site-directed mutants of MBP-Rep78, pMBP-Rep78(Y152F), and pMBP-Rep78(Y156F) were constructed by high-fidelity, PCR-based mutagenesis of plasmid pMBP-Rep78 (28, 29) , using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) according to the manufacturer's instructions. Complementary mutagenic oligonucleotides used in the construction of pMBP-Rep78(Y152F) were 5Ј-GATGAGTGCTTTATCCCCAATTAC-3Ј and 5Ј-GTAATTGGGGATAAA GCACTCATC-3Ј. The complementary oligonucleotide pair used in the construction of pMBP-Rep78(Y156F) was 5Ј-ATCCCCAATTTCTTGCTCCCC A-3Ј and 5Ј-TGGGGAGCAAGAAATTGGGGAT-3Ј. Base changes relative to the wild-type rep sequence are underlined. Mutations were confirmed by DNA sequencing. Fig. 2] ) in the cleavage reaction buffer described above. Reactions were incubated at 37°C for 1 h. Following the addition of formamide loading buffer, samples were heated to 90°C for 10 min and then resolved by denaturing electrophoresis on a 13% polyacrylamide-7 M urea gel.
Electrophoretic mobility shift assays. For ssDNA mobility shift assays, 0.5 g of MBP-Rep78(Y156F) fusion protein was incubated for 30 min at 30°C with approximately 40,000 cpm of 5Ј-end-labeled oligonucleotide probe in a 14-l reaction volume containing buffer A [30 mM Tris-HCl (pH 8.0), 50 mM NaCl, 4 mM MnCl 2 , 1 mM DTT, 0.1 mg of bovine serum albumin/ml, 25 g of poly(dIdC)/ml]. Following the addition of loading buffer (3.5 l of 50% glycerol-0.5% bromophenol blue), each reaction was loaded onto a native 4.5% polyacrylamide gel and resolved by electrophoresis in 0.5ϫ TBE running buffer.
For double-stranded DNA (dsDNA) mobility shift assays, a 5Ј-end-labeled 63-bp dsDNA oligonucleotide ori probe (80 fmol) containing sequences spanning AAV nt 4538 to 4584 (flanked by EcoRI and PstI sites) was incubated for 30 min at 30°C with 100 ng of MBP-Rep78(Y156F) or MBP-LacZ␣ per reaction in buffer A (14 l). For cold competition experiments, unlabeled ssDNA competitors were added in either 10-or 100-fold molar excess prior to addition of MBP fusion protein. Following incubation, the binding reactions were separated by electrophoresis on a native 5% polyacrylamide gel in 0.5ϫ TBE buffer.
Gel elution and DNA sequencing. A large-scale cleavage-ligation reaction (140 l) containing 40 g of MBP-Rep78, 1.7 ϫ 10 7 cpm of 5Ј-end-labeled 55-mer (Fig. 2) , and 10 g of unlabeled 26-mer (Fig. 2 ) in reaction buffer (30 mM Tris-HCl [pH 8.0], 4 mM MnCl 2 , 30 mM NaCl, 1 mM DTT) was incubated in a 30°C waterbath for 1 h. After the addition of loading buffer and brief heating, the sample was separated on a preparative 8% polyacrylamide-6 M urea gel. Following exposure of the wet gel to a storage phosphor screen to identify the radiolabeled bands, Rep78-mediated ligation products were excised from the gel. Gel slices were finely diced and eluted in 10 ml of 1ϫ TE buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA) by soaking overnight at 37°C with constant agitation. Following volume reduction by sec-butanol extraction and ethanol precipitation, the 5Ј-end-labeled ligation products were sequenced using a Maxam-Gilbert DNA sequencing kit (Sigma, St. Louis, Mo.) as instructed by the manufacturer. M13 sequences were generated by cycle sequencing of single-stranded M13mp18 using a Taq DNA sequencing kit (Boehringer Mannheim) and 5Ј-end-labeled forward primer (17-mer) according to the manufacturer's instructions.
RESULTS
Site-specific cleavage of a single-stranded AAV ori oligonucleotide by MBP-Rep78. A common trait of RCR initiator proteins is the ability to specifically cleave ssDNA substrates derived from their origins of replication (5, 10) . To determine whether the AAV Rep78 gene product (which contains con- 
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Rep78 CLEAVING-JOINING ACTIVITY 3123 served RCR motifs [ Fig. 1]) is capable of site-specific cleavage of a single-stranded AAV ori substrate, an oligodeoxynucleotide (63-mer [ Fig. 2] ) derived from the AAV origin of replication (nt 4538 to 4584 flanked by EcoRI and PstI sites) was 5Ј-end labeled and incubated with purified fusion protein in an in vitro cleavage assay (Fig. 3A) . The AAV ori oligonucleotide remained intact when incubated with an MBP-LacZ␣ control protein (Fig. 3A , compare lanes 1 and 2). In contrast, incubation of the single-stranded ori substrate with increasing amounts of MBP-Rep78 fusion protein resulted in the dosedependent production of a 21-nt cleavage product (lanes 3 to 6), indicating that the major ssDNA cleavage site maps to the same cleavage site utilized in Rep-mediated nicking of doublestranded AAV ori substrates (6, 13) . This result indicates that Rep78 can specifically recognize its cognate, dsDNA cleavage site, known as the terminal resolution site (trs), in the form of ssDNA.
To characterize further the specificity of MBP-Rep78 endonuclease activity on ssDNA, Rep-mediated cleavage of the 63-nt AAV ori substrate was compared to that observed with a non-AAV-derived, heterologous oligonucleotide substrate (Fig. 3B) . As observed previously, cleavage of the 63-mer ori substrate by MBP-Rep78 occurred predominantly at the trs (Fig. 3B, lane 2) , notable levels of cleavage also occurred between residues 12 and 13 relative to the 5Ј end of the 63-mer substrate. Cleavage required the presence of a divalent cation cofactor (lane 3). Manganese supported ssDNA cleavage much more efficiently than did magnesium. Calcium and copper ions were ineffective as cofactors (data not shown). In contrast to requirements for the cleavage of dsDNA substrates (13, 14) , Rep-mediated cleavage of ssDNA did not require (and was not enhanced by) the presence of ATP. To examine the effects of MBP-Rep78 on a nonspecific ssDNA substrate, a 44-mer consisting of a repeating GACT motif (and therefore lacking potential secondary structure) (44-mer [ Fig. 2] ) was 5Ј-end labeled and incubated with MBP-Rep78 in the presence or absence of MnCl 2 (Fig. 3B, lanes 5 and 6, respectively) . Although much less efficient that the cleavage of AAV ori sequences, cleavage of the 44-mer did occur (Fig. 3B, lane 5) , resulting in the appearance of a 4-nt ladder. This result indicated that Rep-mediated cleavage occurred 5Ј of each thymidine base within the GACT repeat sequence. This is consistent with cleavage at the double-stranded DNA trs, which occurs between the thymidine residues of a 5Ј-GTTG-3Ј motif.
When a 33-nt substrate (33-mer [ Fig. 2]) representing the left half of the 63-mer ori oligonucleotide (thus containing the trs but lacking the top strand of the dsDNA Rep-binding site) was incubated with MBP-Rep78, additional sites of DNA cleavage were more readily observed (Fig. 3C, lane 2) . In addition to the trs, MBP-Rep78 cleaved the 33-mer 5Ј of thymidine residues occurring at positions 10, 13, and 16 relative to the 5Ј end of the oligonucleotide substrate. A radiolabeled, 26-nt ori-derived substrate (26-mer [ Fig. 2] ) was cleaved by MBP-Rep78 on the 5Ј-side of the first thymidine of the 5Ј-GTTG-3Ј trs motif (Fig. 3C, lane 5) . Rep-mediated cleavage at this position has been observed previously (6, 32a) . Cleavage of the 26-mer at additional sites seen with the 63-and 33-nt substrates would result in fragments of 8 nt or less and therefore would not be visible on the gel.
Cleavage of single-stranded AAV ori sequences by Rep78 mutant proteins. One of the conserved amino acid motifs (motif 3) associated with RCR initiator proteins is a uxxYxx 1-2 K motif (where u represents hydrophobic amino acid residues and x represents any amino acid) which contains a catalytic tyrosine residue involved in cleavage of (and covalent attachment to) the target DNA substrate (12) . Certain RCR initiator proteins possess a second catalytic tyrosine four amino acid residues from the primary tyrosine and thus located on the same face of a potential ␣ helix. One such initiator is the gene A protein of bacteriophage X174 (Fig. 1C) . Cleavage of ssDNA has been demonstrated for both gene A protein tyrosine residues (10, 34) . Alternating cleavage activity between the tyrosine pair is believed to couple the termination of one round of strand displacement synthesis with reinitiation of the next, thus resulting in "runaway" replication of the phage DNA. As diagrammed in Fig. 1 , AAV Rep78 also possesses two appropriately spaced tyrosine residues (Tyr-152 and Tyr-156) within its RCR motif 3 equivalent. To examine the role of Tyr-152 and Tyr-156 of Rep78 in ssDNA cleavage, site-directed mutagenesis was used to replace each tyrosine residue with phenylalanine. These mutant Rep proteins [Rep78(Y152F) and Rep78(Y156F)], as well as a previously described Rep78(K340H) mutant (28, 29) , were expressed in E. coli as MBP-Rep fusion proteins. The purified fusion proteins were incubated with a 5Ј-end-labeled AAV ori substrate (55-mer [ Fig. 2] ) in an in vitro ssDNA cleavage assay (Fig. 4) . MBPLacZ␣ failed to cleave the ssDNA oligonucleotide (lane 2). In contrast, MBP-Rep78 cleaved the 55-mer substrate in a sitespecific fashion, resulting in the production of a 15-nt cleavage product (lane 3). An ATPase-deficient MBP-Rep78 mutant protein, MBP-Rep78(K340H), cleaved the ssDNA substrate as efficiently as wild-type MBP-Rep78 (lane 4), confirming that NTP hydrolysis is not required for Rep-mediated cleavage of ssDNA. MBP-Rep78(Y152F) retained the ability to specifically cleave ssDNA (lane 5). Mutation of the tyrosine residue at position 156 to phenylalanine, however, completely abolished the endonuclease activity of MBP-Rep78 (lane 6).
Rep78 can stably bind single-stranded AAV ori sequences. In light of the ability of MBP-Rep78 to specifically cleave a trs substrate presented in single-stranded form, we sought to determine the ability of Rep78 to stably bind single-stranded AAV ori sequences via an electrophoretic mobility shift assay using radiolabeled, oligodeoxynucleotides. One concern in these assays was the ability of Rep78 to cleave and covalently attach to the ssDNA probes. Binding experiments were therefore performed with the endonuclease-negative MBPRep78(Y156F) mutant protein.
Characterization of the double-stranded AAV origin of replication has identified two important cis-acting elements: (i) the trs, consisting of a GTTG element flanked by a short palindrome, and (ii) the Rep-binding site (11, 19, 33, 35) . We therefore sought to determine whether either of these known cis-acting elements plays a role in recognition of a singlestranded AAV ori substrate by Rep78. As shown in Fig. 5A , comparison of the binding levels observed with a non-AAVderived control oligonucleotide to those observed with a 63-nt ori probe indicated that MBP-Rep78 was able to bind with high affinity to a single-stranded AAV ori substrate bearing the trs motif and top-strand Rep-binding site (compare lanes 2 and 12). However, when the trs motif and top strand of the Repbinding site were presented separately in overlapping probes, only low levels of binding to either probe were observed (lanes 3 to 6). To address the possibility that binding of MBP-Rep78 to the radiolabeled ssDNA probes was subject to a minimal size requirement, the ability of MBP-Rep78 to bind a control oligonucleotide (in which the core GCTC triplet of the dsDNA Rep-binding site was replaced with cytosine residues) was determined. As shown in Fig. 5A , lane 8, MBP-Rep78 was able to bind the single-stranded GCTC-substituted substrate at levels comparable to those seen with the 63-nt parental probe. In contrast, a top-strand GCTC triplet-bearing probe extended at the 5Ј end with cytosine residues was bound by MBP-Rep78 at levels equivalent to those seen with a non-AAV-derived probe (compare lanes 10 and 12). Taken together, these results indicate that Rep78 possesses the ability to bind with a relatively low affinity to nonspecific ssDNA and to bind with a much higher affinity to single-stranded AAV-derived sequences bearing the trs region.
To confirm the ability of Rep78 to bind single-stranded AAV ori sequences with high affinity, we performed a cold competition experiment in which various unlabeled ssDNA oligonucleotides were tested for the ability to compete for binding of MBP-Rep78(Y156F) to a radiolabeled dsDNA ori probe consisting of the 63-mer oligonucleotide (probe A) annealed to its complementary strand. As shown in Fig. 5B , incubation of MBP-Rep78(Y156F) fusion protein with the dsDNA substrate resulted in the shift of the double-stranded ori probe (lane 3). Both the single-stranded 63-mer (probe A) and a 63-nt probe bearing a substitution of the GCTC triplet of the top-strand Rep-binding site (probe D), however, could compete for binding of MBP-Rep78 to double-stranded AAV ori sequences (lanes 4, 5, 8, and 9) . In contrast, a 33-mer ori probe (probe B) and non-ori-derived 56-mer (probe F) failed to significantly compete for the binding of MBP-Rep78(Y156F) to dsDNA (lanes 6, 7, 10, and 11).
Cleavage-joining activities of MBP-Rep78. RCR initiator proteins have been shown to mediate in vitro recombination of oligonucleotide substrates bearing appropriate cleavage signals (10) . As shown in Fig. 6 , prolonged exposure of the MBPRep78 cleavage reaction gels to X-ray film indicated that novel Rep-dependent recombination products did indeed occur (note also that less abundant ssDNA cleavage products are more readily observed). Rep-mediated recombination of a radiolabeled input 55-mer oligodeoxynucleotide substrate (Fig.  2) resulted in a specific recombination product (ligation I) (Fig. 6, compare lanes 2 and 4) . Addition of a second unlabeled oligodeoxynucleotide (26-mer [ Fig. 2] ) bearing the trs resulted in the appearance of a novel ligation product (ligation II) (Fig.  6, lane 5) resulting from Rep78-mediated recombination of the 55-mer and the 26-mer oligonucleotides. Rep-mediated recombination took place in the absence of NTP cofactors and could be observed with an ATPase-deficient Rep fusion protein (Fig. 6, lanes 6 and 7) . An MBP-Rep78(Y152F) mutant protein, which retains the ability to cleave ssDNA, mediated recombination of the oligonucleotide substrates, resulting in the production of ligation products I and II, as well as an increased amount of a minor ligation product (ligation III) (lanes 8 and 9) . The MBP-Rep78(Y156F) mutant, which binds ssDNA but lacks single-stranded endonuclease activity, failed to catalyze recombination of the oligonucleotide substrates. This result provides evidence that the ligation activity demonstrated by Rep78 is mediated by the catalytic tyrosine residue at position 156 within RCR motif 3 and not by a separate ligation domain within the protein.
Characterization of Rep78-mediated ligation products. To characterize further the Rep-mediated oligonucleotide ligation products, portions of samples used in Fig. 6 were separated on a DNA sequencing gel and compared to an M13 sequence ladder generated by the dideoxynucleotide chain termination method. Reactions which had received MBP-Rep78 and radiolabeled 55-mer (Fig. 7A, lane 1) contained a ligation product (ligation I) of approximately 104 nt. In addition to a small amount of ligation product I, reactions which had received a combination of MBP-Rep78, radiolabeled 55-mer, and unlabeled 26-mer (Fig. 7A, lane 2) contained a novel ligation product of approximately 76 nt (ligation II), as well as two less abundant molecular species of approximately 68 and 73 nt. To define more clearly the structure of the recombinant oligonucleotides, ligation products I and II were eluted from a preparative polyacrylamide gel and subjected to Maxam-Gilbert sequencing. The sequencing result for ligation product I is shown in Fig. 7B . Although hampered by the small amount of available starting material, the sequencing reactions clearly showed that ligation product I resulted from intermolecular recombination of the input 55-mer, while ligation product II arose from recombination of the 55-mer and 26-mer oligonucleotide substrates. The exact recombination junction for products I and II could not be determined from the sequencing gel, but based on size and flanking sequence information it was found that in each case the donor substrate (26-mer or 55-mer) was cleaved at a position six to eight bases from the 5Ј end of the oligonucleotide and ligated to the 3Ј end of an intact radiolabeled 55-mer acceptor molecule (Fig. 7C) . The major ligation products therefore involved a donor substrate cleaved at a minor cleavage site upstream of the trs. One possible explanation for this observation is that when cleaved at the trs, intramolecular base pairing within the oligonucleotide substrate (see Fig. 7C ) may cause the cleaved 5Ј end of the oligonucleotide to be retained, thus favoring intramolecular (rather than intermolecular) rejoining. Alternatively, the retained 5Ј cleavage product may block interactions between the acceptor molecule and the Rep-donor-substrate complex.
DISCUSSION
In this report, we demonstrate that the AAV Rep78 protein, which bears conserved amino acid motifs common to RCR initiator proteins, possesses the ability to cleave and ligate ssDNA substrates derived from the AAV origin of replication. Rep-mediated cleavage of non-ori substrates could be detected but was significantly less efficient than with ori-derived substrates. Cleavage of ssDNA by MBP-Rep78 required the presence of metal cations but did not require the presence of a NTP cofactor. Im and Muzyczka (13, 14) have shown that Rep-mediated cleavage of double-stranded AAV ori substrates requires the presence of both a divalent cation and ATP. One possible explanation for this contrast is that the preferred (Fig.  2 ) was added to the reaction. After heating to 90°C for 10 min, samples were resolved on a denaturing 13% polyacrylamide-7 M urea gel in 1ϫ TBE buffer. WT, wild type.
cleavage substrate of Rep78 is ssDNA and that NTP hydrolysis is required by Rep to partially unwind a dsDNA substrate prior to cleavage. Alternatively, the existence of a region of dyad symmetry centered about the trs (Fig. 2) raises the possibility that NTP hydrolysis may cause a conformational change in Rep that induces the formation of a stem-loop structure at the trs, thus exposing the cleavage site as a single-stranded region at the end of a hairpin. Rep-mediated ligation did not require NTP and was greatly enhanced when Mn 2ϩ , rather than Mg and experimental evidence for the ligation event in infected cells has been reported (4) . Applying the autonomous parvovirus dimer resolution model to AAV replication accounts for all of the known enzymatic activities of Rep78, including those reported in this paper. In this model, the viral ITR at the junction of the genomic dimer exists in its fully base-paired conformation (i.e., as linear DNA) (Fig. 8B) . Rep78 binds its cognate dsDNA-binding site and uses the energy of ATP hydrolysis to either partially unwind the double-stranded ori sequence or induce the formation of a stem-loop structure, thereby exposing the Rep cleavage site (trs) in the form of ssDNA (Fig. 8C) . Upon strand cleavage and covalent attachment to the 5Ј end of the DNA, Rep78 helicase activity unwinds the viral DNA in a 3Ј-to-5Ј direction (Fig. 8D) , resulting in strand displacement and asymmetric DNA replication mediated by the cellular replication machinery and primed by the 3Ј-hydroxyl group generated by Rep-mediated strand cleavage. After traversing the ITR region, a second single-stranded ori element is encountered in the proper orientation. Cleavage of the newly encountered origin, either by a subunit of a Rep78 multimer or possibly by the second tyrosine residue occurring at position 152 within RCR motif 3, results in transfer of the covalently attached DNA strand of Rep78 to the newly cleaved trs, thus resolving the genomic dimer into replicative-form monomers (Fig. 8E) . This model is consistent with the notion that rather than possessing a viral replication strategy that is unique to the Dependovirus genus, AAV may utilize a replication mechanism similar to that of the autonomous parvoviruses. The dimer resolution model resembles RCR replication in several ways: (i) both utilize a replicon-encoded initiator protein that recognizes the double-stranded form of an origin of replication; (ii) both initiate asymmetric, strand displacement DNA synthesis primed by a strand-specific DNA cleavage event; (iii) both terminate one round of DNA synthesis upon encountering a second origin of replication; and (iv) both utilize an initiator protein-mediated strand transfer mechanism to resolve the replication intermediates.
AAV is unique among the animal viruses in its ability to integrate within a specific chromosomal locus (16, 27) . The chromosomal integration site on human chromosome 19 (known as AAVS1) resembles the AAV origin of replication (8, 33) . The ability of Rep78 to covalently attach to its DNA substrate (30, 33) and to mediate recombination of AAV oriderived sequences (this report) raises the possibility that Rep78 may mediate recombination between an AAV replication intermediate and the chromosomal AAVS1 locus by a strand cleavage and exchange mechanism. Interestingly, characterization of recombinant junctions formed in vivo between AAV DNA and the flanking integration site sequences revealed that the majority of integration events involved the viral ITR sequences (9, 20) . Moreover, Rep78 has been demonstrated to interact with AAVS1 sequences in vitro (36) . Understanding the relationship of Rep function to AAV integration may aid in the development of AAV gene therapy vectors.
